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Ill. ADSTRACT

~Thfs work gives the res~ults of invcst~igating the damping pro-
perties, of a numbepr of materials either in use or very promising
in the field or c 'oipressor blade manufacture; an analysis of their
vibration strength is also given. Ass is known., the principal
cause of' destructioll of' compressor blades can be found in dynamic
stresses. The risk from dynamic stresses is increased sharply
owing to the high probability of corrosion-erosion damage during
operation.'' (ARMOi±±O1
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VIBRATION STRENGTH OF CERTAIN STEELS AND OF TITANIUM- AND
ALZMINUf4-BASED ALLOYS AT HIGH TEMPERATURES

G. S. Krivonogov, V. V. Matveyev, L. A. Bocharova,
0. P. Solonina, M. F. Alekseyenko, and

B. S. Chaykovskiy

(Moscow, Kiev)

This work gives the results of investigating the damping

properties of a number of materials either in use or very promising
in the field of compressor blade manufacture; an analysis of their

vibration stre~ngth Is also given. As Is known, the principal cause

of destruction of compressor blades can be found in dynamic stresses.
The risk- from dynamic st-resses is increased sharply owing to the

high probability of corrosion-erosion damage during operation.

The following materials were investigated.

1. Martensitic chrome steel IKhi2N2VMF (E1961) after oil-

quenching from 1293 0 K and tempering at 9530 K for 2 h.

2. Austenitic chrome-nickel steel Khl2N22TZMR (EP33 or

E1696M), heat treated as follows: holding at 1273 0 K for 3 h,

oil-quenching from this temperature, aging at 1023 0 K (16 h) and

923 0 K (16 h), cooling in air.

3. The titanium alloy 7TZ-I after isothermal anneal-Ing at

1143 0K (1 h) + 9230 K (2 h) and cooling in air.

FTD-HT-23-99-7i 1



4. The titanium alloy VT-8 after the following processing:

a) annealing at 1193°K (1 h) + c,°K (2 h) and cooling J
in air; 4

b) water-quenching from 1193 0K and aging at 8h-30 K ( )

5. The aluminum alloy AK4-1 after quenching from 803 ± 50 K

(10 h).

6. The aluminum alloy VD-17 after water-quenching from 77o

and aging at 443°K (16 h). J

The damping properties of the materials were inver:ttrz.lted in

the uniform stressed state (longitudinal oscillation of specimens

with round cross section) on a D-4 installation [4] and during pure

bending on a D-7 installation [1] at normal and high temperatures.

The divergence between the values of the logarithmic decrement

obtaine'd during longitudinal and bending oscillations is caused to i
a significant degree by specimen material and its thermal or

mechanical treatment. Thus, in steel specimens whose final mechanical

treatment (polishing) was carried out after heat treatment somewhat

smaller values were obtained for the decrement with bonding

oscillations (on the average by 10-15%), while specimens which were

heat treated (tempering) after polishing showed virtually identical

decrement values.

The values of the decrement obtained for aluminum alloys during

bending oscillations were approximately an order higher than those

obtained during longitudinal oscillations. The divergence of the

results is explained by the averaging of the dependence of the

decrement on stress during bending oscillations due to the presence
of a stress gradient over the volume and, mainly, by the different

contribution to the total level of energy losses of the specimen

surface layers with different forms of cyclic deformation. (During

bending the surface layers of the specimen experience the greatest;

cyclic deformation; this is particularly significant dur'inri

oscillations of thin specimens and for materials such as aluminum

2
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alloys in which strong changes occur in the structure during thermal

or mechani.:al .reat-ent.) Th!'s indicates that along wltk

determination of arue characteristics of energy dissipation In
the material in the tnilfcrm stress and structural states, for

correct evaluation of the damping properties of parts iperating
under conditions of cyclic beaiding it Is'extremely important to
study the dissipation of energy in the material during transverse

oscillations of speaimens treated according to the manufacturing

technology of the working parts.

Examinat-ion of the experimental dependence of the logarlithmle

decrement of oscillations on the amplitude of maximum dynamic

stresses ao (during longitudinal oscillations) or a (during

bending oscillations) for the investigated materials at various

temperatures (Figs. 1-4) Indicates the following.

Fig. 1. Amplitude
dependence at the
decrement at various

S$ tenperatures (tension-
compression deforuation):

* a - steel E1961; b -
steel E1696M (I - T -
S403 K: 2 - T- 2930 K;

a• - ' -" - '] ' •3 - - T n 5 2 3 * K ; 4 - - T -
- 623 0K; 5 T- 72Y3K;
6 - T a 823 0 K; 7 - T

Jk73OK; 8 - T - 900"'K).

W AV

For ciartens.tic steel E1961 the logarithmic decrer*nt reaches
1% at room temperature; with an increase In temperature It drops,

2etpeciall" In the stress region above 100 M'CI/m (Fig. la). At
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a temperature c" 823 0 K the decrement comprises only 40% of the

initial value (a = 100 MN/m2 ). This can be explained by the
magnetomechanical nature of damping in this steel after suVficienti1.•
high tempering temperatures [3]. The decrement is somewhat higher
than that at room temperature only at 403°K; this is apparently

connected with the presence of a relaxation peak in this temperature
region. A further increase in temperature (above 823OK) is accompanied
by a sharp rise in the value of the decrement.

For the austenitic steel E1696M at room temperature the

logarithmic decrement first grows sharply with an increase in stress

amplitude and then stabilizes at the 0.5% level (Fig. ib). An

increase in temperature leads to a weaker amplitude dependence and

reduces the maximum achievable value of the decrement. On the

basis of the positions of the dislocation theory of internal frictlor

[2), it is possible to propose that at high temperatures there is
a thermal breakaway of dislocations from the points of their
attachment. As a result the number of dislocations participating

in hysteresis motion during cyclic loading Is reduced, which leads

to a reduction in energy loszes.

For the titanium alloys VT-8 (annealing, Fig. 2c and

tempering + aging, Fig. 2a) and %?TZ-i (annealing, Fig. 2c) the

decrement of oscillations depends weakly on the amplitude j" sressrGs

at all test temperatures; this is apparently connected with the
strong attachment if dislocations during heat treatment, which

ensures high strength properties in these materials. The -,.-ement
grows with an increase in temperature, but does not exceed 2.3-0.a%.

It is possIble -hat growth of the decrement depends on an increase

in the forces of friction acting on the oscillat!ng dislocation [2].

For the aluminum alloys AK4-1 (Fig. 2e) and VZ-17 (Fig. 2d),
studied during bending oscillations, the following characteristics
were noted: first, high values and amplitude dependence sf the

decrement and, second, a significant growth of the decrement with
an increase in temperature. At the same tIime tests with the

TD-T2 -99-7'



•--•:- _!_ ,-Fig. 2. Applitude

a•--T-T'. • ; various tem•peratur'es

I - 73K

t- 5730K;

- T a 773.0 ,;

- T7-4 K

40 w% '". -,a 'T 523"K.

ig. 2,. Amplitude
dependence of the

decrement In
-- alunum alloy VD-17

at var-ious temperatures :
~~~~- -... .403= 0 X;K 2 - T o.293-K; 3 - T K 523

?T•-,T-_ -' •: -°" -C



8% - Fig. 4. Temperature
_j__ dependence of

•-' decrements in
compressor materials

0, at the level of
maximum dynamic
stresses, o a 0.2 o.1

1 - steel 11961;
2 - steel E1696M.-

3 - titanium alloy VTZ-1; 9, 5 - titanium
alloy VT-8 (annealed and tempered,
respectively); 6 - aluminum alloy AK4-lm;
7, 8 - aluminum alloy VD-17 (tension-
compression and bending, respectively).

specimens subjected to longitudinal oscillations (Pig. 3) did not

reveal a significant dependence of the decrement on either

oscillation amplitude or temperature. However, the decrement values

were an order of magnitude smaller than those obtained during the

Investigation of bending oscillation; this is explained by the

different role played during the indicated types of testing by

the surface layer of the specimens, which has been strongLy Injured

by mechanical treatment.

Figure 4 shows the temperature dependence of the decrement for

the considered materials during dynamic stresses comprlsing 0.2

of the endurance limit. As is evident, at temperstures up to

6700 K the damping properties of steel EI961 are an order of

magnitude higher than those of the titanium alloys, althouh w.!,h

an increase in temperature the difference Is reduced and at 7700 K

the values of the decrement are virtually identical for steel E1961

and the alloy VT-8. Por steel 91696M the decrement drops sharply

with an increase In temperature and at 710"0K is appro "L~afely

2-3 times less than that for the alloy VT-8.

Under conditions of bending ocilialAons or the spe"•Ier, In

the temperature ranse 300-520°0 the logar!thmic decrement for tne

aluminum alloys has approximately the same vaiues as for .treel

E1961, while during lonLudinal os~t1ltions the valu-a are

closer to those for the titanium alloys. In contiectlun m1tv tle

•',."-*. *• • . -•-• -6 6



-enhunical treatment of the large number of defects in the iurface

laiyvrc of the amiu.,lnum spec!mens, in the future we will e-aluate

,6 .L 1ratlon 6trength of aiuminum alloys on the basis of reata

obt'uned durinE longituJinal oscillations.

Analysis of the damping properties of material- does not give

a toal evaluation of their vibration strength. H.Lgh vlbration

strenrth of a material is determined by an optimum combination of

fatigue and damping properties, which will ensure reliable operation

of a part under the maximum permissible dynamic stresses; therefore

eval"atimon of the vibration strength of a material can be based on

calculation of the criterion of vibration Ctrength, R a (a_ 1 /k)6',

where a-I is the endurance limit of the material, k is the safety

factor which determines the level of permissible dynamic stresses

in the part, and 69 is the logarithmic decrement for the material

during the stress _li/k.

During calculation of the vibration strength criterion it Is

difficult to select a numerical value for the safety factor k,

uh!ch dcpenis on the properties of the material and the operating

', Thiz stema from the fact that the selection can be

made only for each zpacific case. Therefore the vibration strength

cr';.erion of a material should be calculated for the entire range

of ' values of the safety factor k; the latter can be obtained

con the basis of 7xnalyzing the dependence of the quantity ad on the

ratio a/011 (6 is the logarithmic decrement at stress a).

curves of the 4uantity a6 w f(o/alI), constructed on the basis

of ordinary experimental dependences of the decrement on stress

amplituduJ, will give a bet of vibration strength criteria at

dift'erent vale.e of permissible dynamic stresses and will make it

possible to aompares different materials at identical and different

values of the safety factor k.

The frAnction3 aS a f(o/al) for room and maximun operating

te•..peraturez were constructed for each material on the basis of



obtained experimental results with respect to damping capability

and endurance limit (Fig. 5).

From the relationshipe given It is evident that stee" E1961

has the greacest vibration strength at room temperature; it exceeds

that of titanium and aluminum alloys by 10-25 times at all levels

of dynamic stresses. Up to a stress level on the order of 0.2o 1steel E1696M has approximately the same vibration strength as

steel E1961, but at higher stress levels its vibration strength Is

1.5-2 times lower. With an increase in temperature the vibration

strength of the steels E1961 and E1696M is reduced owing to a drop

In both fatigue and damping properties; at maximum operating

temperatures (823 0 K for E1961 and 873°K for E1696M) i' is reduced by
3-5 times.

I I /

/,

materials at 293 0K (broker: lines. u.d at
maximum operating temperature 0o? #pes.e
material (solid lines):
1 - steel E1961 (823 0 K); 2 - steel E1696M
(873 K); 3 - titanium alloy ,'T-8 (anrnealing,
7730K); 4 - titanium alloy MTZ-l (723 0 K);
5 - aluminrum alloy VD-17 '5ý "*oK) ; 6 -
titanium -Ai'y V7-8 ýtemper:lg, 173'.K)

FTD-H-23-99-71



Mhe vibration strength for the titanium alloya is greater at

w:r. working te;peratures (V7Z-1, 723 0 K; VT-e, 77 3 0K) than

o. :.vm temperature, since at these temperatures there is a sharp

~ tu�tines) growth in the logarithmic de~crement, while the

!.w-urance limit drops Insignificantly (by no more than 20-25%).

'he v.bratior strength of steel E1696M (at 873 0 K) is approximately

.5-2.�t�I:-es 2esz than that of steel E1961 (at 823 0 K), while that
•z-' the alloy VD-17 (523°K) is 15-20 times less.

Durirng comparison of materialz in aerunautical engineering,

S:.a1csign weight piays aa important, role, the characteristic of

specific strength is introduced - i.e., the ratio of strength to

density of the material. Therefore it will obviously be useful

to introduce the concept of the criterion of specific vibration

strength of the material, which can be evaluated by analynitig the

relationship a6/p w f(o/ol), where p is the density of the

material.

6440. Pig. 6. Specific
*-I vibration strength of

4 -0- " certain compressor
I-• materials as a function20V / /• • of the level of dynamic

W__-- a - at 293 K; b - at
maximum temperature.

0- 1 - Steel E1961 (823°K);
2 - steel E1696M (873°K);
3 - titanium alloy VT-8

-(annealing, 773 0 K);
e j#_ 4I - titanium alloy VT-8

(tempering, 773 K);
5 - titanium alloy VTZ-l
(72.30K); 6 -aluminum

all'oy VD-17 (523 0 K).

£0

' b
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Figure 6 shows the graphs of this relationship at room and

maximum operating temperature for each material. From the figure

it is evident that at room temperature (293 0K, Fig. 6a) the

specific vibration strength of steel EI961 is 5-10 times higher than

that of the titanium and aluminum alloys, while at the maximum

operating temperature of the material (Fig. 6b) it is 6-8 times

higher than the alloy VD-17 and approximately the same as that for

alloy VTZ-I, but at the same time two times lower than alloy VT-8.

The fact that the vibration strength value is lower for alluy VTZ-I

than for VT-8 can apparently be explained by the difference in

Thus, it is possible to conclude that among all the materials

considered the alloy VT-8 possesses the best characteristic of vibration

strength for operation at high temperatures.
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